This study evaluated by immunohistochemistry (IHC) immune cell response during neoadjuvant primary systemic therapy (PST) with trastuzumab in patients with HER2-positive primary breast cancer. In all, 23 patients with IHC 3 þ primary breast cancer were treated with trastuzumab plus docetaxel. Pathological complete and partial responses were documented for nine (39%) and 14 (61%) patients, respectively. Case-matched controls comprised patients treated with docetaxel-based PST without trastuzumab (D; n ¼ 23) or PST without docetaxel or trastuzumab (non-taxane, non-trastuzumab, NT -NT; n ¼ 23). All surgical specimens were blind-analysed by two independent pathologists, with immunohistochemical evaluation of B and T lymphocytes, macrophages, dendritic cells and natural killer (NK) cells. Potential cytolytic cells were stained for Granzyme B and TiA1. HER2 expression was also evaluated in residual tumour cells. Trastuzumab treatment was associated with significantly increased numbers of tumour-associated NK cells and increased lymphocyte expression of Granzyme B and TiA1 compared with controls. This study supports an in vivo role for immune (particularly NK cell) responses in the mechanism of trastuzumab action in breast cancer. These results suggest that trastuzumab plus taxanes lead to enhanced NK cell activity, which may partially account for the synergistic activity of trastuzumab and docetaxel in breast cancer.
The human epidermal growth factor receptor 2 (HER2) is a member of the ErbB family that plays an important role in promoting oncogenic transformation and tumour growth (Slamon et al, 1987) . Approximately 25 -30% of patients with breast cancer overexpress HER2 and this overexpression is correlated with gene amplification and poor clinical outcome (King et al, 1985; Slamon et al, 1987 Slamon et al, , 1989 van de Vijver et al, 1988; Gusterson et al, 1992; Hynes and Stern, 1994) . Trastuzumab (Herceptin s ; F Hoffmann-La Roche, Basel, Switzerland) selectively targets HER2 and is approved for the treatment of women with HER2-overexpressing metastatic breast cancer (MBC). Trastuzumab demonstrates favourable efficacy both as a single agent (Cobleigh et al, 1999; Vogel et al, 2002) and in combination with cytotoxic chemotherapy (Pegram et al, 1999; Slamon et al, 2001; Marty et al, 2005) . The proposed mechanisms of action of trastuzumab include enhancement of HER2 degradation (Molina et al, 2001 ), inhibition of cell cycle progression via inhibition of the mitogen-activated protein kinase pathway (Le et al, 2003; Jackson et al, 2004) , and suppression of the antiapoptotic phosphatidylinositol 3-kinase and Akt pathways (Yakes et al, 2002; Mohsin et al, 2005) . In addition, there is evidence supporting a role for trastuzumab in mediating antibodydependent cellular cytotoxicity (ADCC) (Cooley et al, 1999; Clynes et al, 2000; Carson et al, 2001; Repka et al, 2003; Gennari et al, 2004) . Mechanisms of action of trastuzumab demonstrated in vitro in HER2-overexpressing cells are not always confirmed in in vivo studies (Mohsin et al, 2005) .
Trastuzumab-based therapy has been shown to be effective in the neoadjuvant (primary systemic therapy (PST)) setting (Bines et al, 2003; Burstein et al, 2003; Schiffhauer et al, 2003; Van Pelt et al, 2003; Baselga et al, 2004; Buzdar et al, 2005) . This immunohistological analysis, which was undertaken as part of a clinical study, aimed to evaluate the immune response to trastuzumab-based PST within tumours obtained from women with locally advanced breast cancer. breast cancer requiring a mastectomy (but who wished to conserve the breast) were enrolled in the open-label, multicentre, phase II TAXHER01 trial (Coudert et al, 2005) . All patients had HER2-positive (immunohistochemistry (IHC) 3 þ or fluorescence in-situ hybridisation (FISH)-positive) breast cancer and were treated with PST consisting of six cycles of docetaxel (100 mg m À2 60-min intravenous (i.v.) infusion every 3 weeks) and trastuzumab (4 mg kg À1 90-min i.v. infusion 1 day before the first dose of docetaxel, and thereafter at a dose of 2 mg kg À1 weekly for 17 weeks). All patients underwent surgery 3 weeks after the last cycle of docetaxel and trastuzumab.
In all, 46 patients with breast cancer enrolled in the GIREC01 trial (Luporsi et al, 2000) were used as matched controls. Of these patients, 23 received anthracycline-based, non-taxane, non-trastuzumab-containing PST (NT -NT; six cycles), and 23 received docetaxel-based, non-trastuzumab-containing therapy (D; six cycles). Tumours from 15 patients in the control group were HER2 positive, five in the NT -NT group and 10 in the D group. The treatment group (TAXHER01) was case-matched with the two control groups in terms of pathologic tumour and node response. Due to the lack of patients treated preoperatively with such a combination, it was not possible to have control groups with trastuzumab plus a non-taxane chemotherapy or trastuzumab alone.
Both clinical studies were conducted in accordance with the Helsinki Declaration and approved by an independent ethics committee. Written informed consent was obtained from all patients prior to enrolment.
Microscopic evaluation of the pathologic response to PST
Microtome sections obtained from surgical tissue were fixed in 10% neutral buffered formaldehyde solution or Bouin fluid (Richard-Allan Scientific, Kalamazoo, MI, USA), embedded in paraffin wax, and stained with haematoxylin, eosin, and saffron. Pathologic response to PST was assessed according to the Sataloff classification (Sataloff et al, 1995) . Tumour samples containing no tumour nodules or tumours with residual area o2 mm in diameter were classified as TA. Tumour samples with residual tumour area o0.2 mm in diameter in lymph nodes, not classified as micrometastases in the UCC classification (Singletary et al, 2002; Singletary and Greene, 2003) , were classified as NA.
Microscopic and immunohistologic analyses
Immunohistochemical evaluation was performed on one paraffin block that was considered to correspond morphologically with the tumour response area, using the biotin -streptavidin complex (ABC) technique (StreptABC complex/HRP Duet; Dako, Glostrup, Denmark) and the following primary antibodies: B lymphocytes (CD20 (L26, 1 out of 50; Dako, Glostrup, Denmark)); T lymphocytes (CD3 (F7.2.38, 1 out of 25; Dako, Glostrup, Denmark); CD4 (NCL-CD4-368, 1 out of 150; Novocastra, Newcastle, UK); CD8 (C8/144B, 1 out of 25; Dako, Glostrup, Denmark)); macrophages (CD68 (PG-M1, 1 out of 50; Dako, Glostrup, Denmark)); dendritic cells (PS100 (S100, 1 out of 500; Dako, Glostrup, Denmark); CD1a (010, 1 out of 40; Dako, Glostrup, Denmark)); HLA-DR-expressing cells (HLA-DR (TAL.1B5, 1 out of 20;Dako, Glostrup, Denmark)) and natural killer (NK) cells (CD56 (1B6, 1 out of 50; Novocastra, Newcastle, UK); NK1 (NK1, 1 out of 75; Dako, Glostrup, Denmark)). Potential cytolytic cells were stained with Granzyme B (GrB-7, 1 out of 25; Dako, Glostrup, Denmark) and TiA1 (2G9, 1 out of 50; Immunotech, Marseille, France). TiA1 is a 17 kDa cytoplasmic granule-associated protein expressed in cells possessing, like Granzyme B-expressing cells, potential cytolytic activity. If residual tumour cells were identified, immunohistochemical analysis of HER2 expression was performed (A485, 1 out of 1600; Dako, Glostrup, Denmark).
Two pathologists, blinded to study treatment, performed independent IHC evaluations of all tumour samples. Infiltrating cells were analysed in four separate locations on each slide: diffuse (isolated cells distributed all around the area of tumour regression), foci (organised in nodules), around (a small rim around the tumour nodules in contact with residual tumour cells), and inside (penetrating inside tumour nodules between residual tumour cells). In each location on the slide, the number of stained cells was analysed using a semiquantitative ordinal scale ranging from 0 to 4 (0, þ /À, þ þ , þ þ þ ). For each antibody, this scale was established after the analysis of more than 15 cases and concerned only the number of infiltrating stained cells, whatever the intensity of the staining. The results of the analyses conducted by each independent pathologist were subsequently compared. For each location, all cases in which scores differed by more than one point on the semiquantitative scale were re-examined and a consensus score was reached.
Statistical analysis
Slides were unblinded immediately prior to the statistical analysis. Statistical analyses were performed with a 5% type I (bilateral) error using the Stata 8.2 software package (StataCorp LP, TX, USA). The mean (standard deviation (s.d.)) number of stained cells was calculated for each data group (treatment group and two control groups). A two-sided Wilcoxon rank-sum (MannWhitney) test was used to determine differences between the groups.
A subgroup analysis was also performed to exclude potential treatment-independent, HER2 overexpression-related effects if values obtained for the treatment and control groups were significantly different. This analysis compared the results from the treatment group (TAXHER01) with those from HER2-overexpressing subgroups of the control groups (HER2 control, n ¼ 15). Due to multiple testing, a type I error adjustment was applied to this subgroup analysis (significance level Pp0.01).
RESULTS
Three patients from the TAXHER01 trial withdrew from the study due to toxicity. Seven additional cases were not available for immunohistochemical analysis because of fixative problems or 
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Pathologic response
After surgery, nine tumours in the TAXHER01 group (39%) were classified as demonstrating a pathological complete response (pCR; TA/NA or TA/NB), with two demonstrating residual tumour aggregates o2 mm in diameter. One other tumour was classified as TA/NC (no residual tumour in the breast, but residual tumour cells in the lymph nodes). The remaining 13 tumours displayed partial (pPR; TB or TC) or absent (TD) pathological responses. Eight tumours were classified as TB (residual tumour size 0.4 -1.5 cm (mean 0.80 cm)), four were classified as TC (residual tumour size 1.5 -7.0 cm (mean 3.2 cm)), and only one tumour was classified as TD (residual tumour size 6 cm). As tumour responses in the two control groups were matched to those in the treatment group, there were equivalent numbers of patients with complete, partial, or absent pathological responses in the 23 tumours treated in the D and NT -NT groups.
Areas of tumour response were associated with fibrosis, myxoedema, and macrophage/lymphocyte infiltration. Necrosis or infiltration with polynuclear neutrophils was not observed.
Immunohistochemical analysis
Immune cell infiltration Comparison of the three groups revealed that higher expression of PS100 and HLA-DR was observed in the TAXHER01 and NT -NT groups as compared with the D group, although the difference was not statistically significant ( Table 2) .
Comparison of pooled results from the D and NT -NT groups with TAXHER01 showed greater numbers of immunocompetent cells in the TAXHER01 specimens compared with controls. B lymphocytes were more numerous in the TAXHER01 specimens at the four locations analysed, but the difference was only significant in the foci infiltrates. T lymphocytes (CD3, CD4, and CD8) were also more numerous in the TAXHER01 specimens; differences between TAXHER01 and control specimens were statistically significant in the diffuse and foci infiltrates for CD3, in the foci, inside and around infiltrates for CD4, and in the foci and around infiltrates for CD8. Tumour area infiltration by macrophages (CD68) was not statistically different between the TAXHER01 and control groups. Dendritic cells (PS100, CD1a) and HLA-DRexpressing inflammatory cells appeared to be slightly more abundant in the TAXHER01 samples, but, because of the differences between the two control groups, results are difficult to interpret (Table 2) . Figures 1 -4 show immunohistochemical staining of cells that are able to undergo ADCC mechanisms, and that have potential cytotoxic activity, from both the TAXHER01 group and the case-matched control groups. Natural killer cell numbers were increased in the around ( Figure 1A ) and inside infiltrates of residual tumour cells in TAXHER01 specimens compared with controls (statistically significant by NK1 staining, Figure 1 ). In addition, there were statistically more NK1-positive cells in foci infiltrates from TAXHER01 specimens compared with controls. Staining with CD56 is notoriously difficult and was therefore less intense than other methods and consequently difficult to quantify (Figure 2) . Finally, cytotoxic molecule (Granzymze B and TiA1)-expressing cells were more numerous in contact with the residual tumour cells in TAXHER01 specimens compared with controls ( Figures 3 and 4) , with statistically significant differences demonstrated for Granzyme B (around) and for TiA1 (inside).
Influence of HER2 overexpression on immune cell infiltration To evaluate the potential treatment-independent effects of HER2 overexpression, immune cell infiltration in TAXHER01 tumours was compared with that in HER2-positive tumour subgroups of the control groups (HER2 control, n ¼ 15) (Table 3) . While the number of cases in the HER2-positive tumour subgroup is low, the comparison between the TAXHER01 treatment group and this subgroup is favoured as these tumour samples were obtained from a clinical trial and hence had validated clinical and pathological data.
The limited number of cases in this subanalysis precludes definitive conclusions. There was a trend towards increased lymphocyte numbers (CD20, CD3, CD4, and CD8) in the TAXHER01 group compared with HER2 controls. Diffuse macrophage infiltration (CD68) was significantly increased in HER2 controls compared with the treatment group, but increased macrophage infiltration was observed around the residual tumours in the treatment group. There was also a trend towards increased dendritic cell (PS100, CD1a) and HLA-DR-expressing cell infiltration in TAXHER01 tumours. Natural killer and cytotoxic cells (TiA1 or Granzyme B) tended to be more numerous in contact with residual tumour cells in the TAXHER01 tumours, with significant differences demonstrated for TiA1 (Po0.05) and NK1 staining (Po0.01). 
Correlation of tumour response with level of immune cell infiltration
To further characterise the role of immune cells on tumour regression, immune cell infiltration in TAXHER01 tumours demonstrating a partial response (TB) was compared with that in TAXHER01 tumours demonstrating a poor or absent response (TC and TD). For almost all markers (except CD8, CD68, and PS100), there was a trend towards increased cell infiltration in responsive tumours (Table 4 ). This was particularly evident for NK (CD56 and NK1) and cytotoxic markers (Granzyme B and TiA1) inside residual tumour aggregates. With the exception of TiA1, these differences were not statistically significant. 
DISCUSSION
Approximately 20 -30% of all breast cancers overexpress HER2 (Slamon et al, 1987; van de Vijver et al, 1988; Ross et al, 2003; Owens et al, 2004) . Targeted treatment of HER2-positive metastatic breast cancer (MBC) with single-agent trastuzumab demonstrates favourable efficacy (Cobleigh et al, 1999; Vogel et al, 2002) , and efficacy is enhanced by combination with cytotoxic chemotherapy (Slamon et al, 2001; Marty et al, 2005) . Indeed, combination treatment with trastuzumab and cytotoxic chemotherapy is now used as standard therapy for HER2-positive MBC. Trastuzumab is thought to have a diverse and complex mechanism of action. As trastuzumab is a monoclonal antibody that binds to the surfaces of HER2-overexpressing cancer cells, it has been postulated that ADCC may play an important role in the mechanism of action of this drug (Cooley et al, 1999; Clynes et al, 2000; Carson et al, 2001; Repka et al, 2003; Gennari et al, 2004) . The current in vivo study was undertaken to analyse the potential role of different immune cells in the clinical response to trastuzumab.
Pre-and postoperative breast tissue samples were obtained from patients with HER2-overexpressing advanced breast cancer participating in a clinical trial of a neoadjuvant regimen incorporating trastuzumab and docetaxel. This treatment strategy is associated with a high pathologic response rate (Coudert et al, 2005) , which is in accordance with the good efficacy previously reported for the combination of paclitaxel and trastuzumab in this setting (Bines et al, 2003; Burstein et al, 2003; Schiffhauer et al, 2003; Van Pelt et al, 2003; Baselga et al, 2004) . In order to discount the effects of intratumoural immune cell modifications that may be induced by conventional chemotherapy drugs, the control group comprised tumours from patients treated with two different PST (Clynes et al, 2000) . The presence of increased numbers of NK cells in tumour infiltrates after trastuzumab treatment, as well as the presence of cytotoxic proteins such as Granzyme B, lends support to a role for NK cells in trastuzumabinduced tumour regression. Increased numbers of NK cells are also seen in tumours demonstrating an incomplete but pathologically important response (TB) compared with those showing a poor or absent pathologic response (TC or TD). The persistence of HER2 overexpression confirms that trastuzumab-mediated ADCC is a feasible mechanism of action for the drug.
Two in vivo pilot studies have evaluated the potential role of ADCC in the mechanism(s) of action of trastuzumab. Repka et al (2003) demonstrated that treatment with a combination of trastuzumab and interleukin-2 led to NK cell expansion and NK cell-mediated ADCC against HER2-overexpressing cells. Additionally, they showed that serum from treated patients had residual ADCC activity 2 -8 weeks after the last trastuzumab injection. Gennari et al (2004) showed that peripheral blood mononuclear cells of trastuzumab-treated patients demonstrated in vitro cytopathic activity against HER2-overexpressing cells, with ADCC activity more pronounced in tumours demonstrating a good response to treatment compared with those exhibiting a poor response. In common with the present study, Gennari did not observe downregulation of HER2 expression after treatment, although they were able to demonstrate that residual tumour cells were still coated with trastuzumab at the time of the surgery as well as an increase in NK-rich lymphoid infiltration, but were unable to attribute this increase to the type of treatment or to the regression itself.
Further support for a role for ADCC in the mechanism of action of trastuzumab has emerged from in vivo xenograft (Clynes et al, 2000) and in vitro studies (Cooley et al, 1999; Carson et al, 2001; Kubo et al, 2003) , which have demonstrated that NK cells are able to kill trastuzumab-coated HER2-overexpressing cells via a FcgRIII receptor (CD16)-mediated ADCC mechanism. Yamaguchi et al (2005) also demonstrated that lymphokine-activated killer cell cytotoxic activity against HER2-positive breast cancer cell lines MDA-MB453 and ZR75-1 was significantly increased in the presence of 10 nM trastuzumab. These data, together with the current data, lend support to the evaluation of combination therapy with trastuzumab and immunomodulatory agents, such as interleukin-2 (Fleming et al, 2002; Repka et al, 2003) , as well as the construction of bispecific antibodies targeting HER2 and CD16 (Shahied et al, 2004) .
Trastuzumab plus docetaxel is an approved and well-tolerated anticancer regimen that is used worldwide for the treatment of HER2-positive MBC. Taxanes, especially docetaxel, lead to increased serum concentrations of some cytokines and enhancement of NK cell activity (Tsavaris et al, 2002) . The current study confirms that NK cytotoxicity via ADCC is probably one of the mechanisms of action of trastuzumab and demonstrates increased numbers of NK cells in tumours treated with docetaxel and trastuzumab compared with docetaxel alone. These findings may partially explain the synergistic activity of trastuzumab and docetaxel in the treatment of HER2-positive breast cancer and the excellent clinical outcomes afforded by this combination. In the TAXHER01 study (Coudert et al, 2005) , tumours that were centrally confirmed to be HER2 positive displayed a pCR of 54%. This is superior to that observed with non-trastuzumab-containing neoadjuvant regimens in unselected patient populations. The results of this immunohistochemical study may also have implications for the design of future clinical trials involving trastuzumab. Perceived trastuzumab activity may be damaged by association with therapies that have immunosuppressive properties. An interesting area for future investigation could be combination therapy with trastuzumab, chemotherapy and immunomodulators, for example, co-administration of NK cells and/or cytokine injections.
